A better understanding of neuromodulation in a behavioral system requires identification of active modulatory transmitters. Here, we used identifiable neurons in a neurobiological model system, the mollusc Aplysia, to study neuropeptides, a diverse class of neuromodulators. We took advantage of two types of feeding neurons, B48 and B1/B2, in the Aplysia buccal ganglion that might contain different neuropeptides. We performed a representational difference analysis (RDA) by subtraction of mRNAs in B48 versus mRNAs in B1/B2. The RDA identified an unusually long (2025 amino acids) peptide precursor encoding Aplysia leucokinin-like peptides (ALKs; e.g. ALK-1 and ALK-2). Northern blot analysis revealed that, compared with other ganglia (e.g. the pedal-pleural ganglion), ALK mRNA is predominantly present in the buccal ganglion, which controls feeding behavior. We then used in situ hybridization and immunohistochemistry to localize ALKs to specific neurons, including B48. MALDI-TOF MS on single buccal neurons revealed expression of 40 ALK precursor-derived peptides. Among these, ALK-1 and ALK-2 are active in the feeding network; they shortened the radula protraction phase of feeding motor programs triggered by a command-like neuron. We also found that this effect may be mediated by the ALK-stimulated enhancement of activity of an interneuron, which has previously been shown to terminate protraction. We conclude that our multi-pronged approach is effective for determining the structure and defining the diverse functions of leucokinin-like peptides. Notably, the ALK precursor is the first verified nonarthropod precursor for leucokinin-like peptides with a novel, marked modulatory effect on a specific parameter (protraction duration) of feeding motor programs.
A better understanding of neuromodulation in a behavioral system requires identification of active modulatory transmitters. Here, we used identifiable neurons in a neurobiological model system, the mollusc Aplysia, to study neuropeptides, a diverse class of neuromodulators. We took advantage of two types of feeding neurons, B48 and B1/B2, in the Aplysia buccal ganglion that might contain different neuropeptides. We performed a representational difference analysis (RDA) by subtraction of mRNAs in B48 versus mRNAs in B1/B2. The RDA identified an unusually long (2025 amino acids) peptide precursor encoding Aplysia leucokinin-like peptides (ALKs; e.g. ALK-1 and ALK-2). Northern blot analysis revealed that, compared with other ganglia (e.g. the pedal-pleural ganglion), ALK mRNA is predominantly present in the buccal ganglion, which controls feeding behavior. We then used in situ hybridization and immunohistochemistry to localize ALKs to specific neurons, including B48. MALDI-TOF MS on single buccal neurons revealed expression of 40 ALK precursor-derived peptides. Among these, ALK-1 and ALK-2 are active in the feeding network; they shortened the radula protraction phase of feeding motor programs triggered by a command-like neuron. We also found that this effect may be mediated by the ALK-stimulated enhancement of activity of an interneuron, which has previously been shown to terminate protraction. We conclude that our multi-pronged approach is effective for determining the structure and defining the diverse functions of leucokinin-like peptides. Notably, the ALK precursor is the first verified nonarthropod precursor for leucokinin-like peptides with a novel, marked modulatory effect on a specific parameter (protraction duration) of feeding motor programs.
In both invertebrates and vertebrates, neuropeptides are the most diverse class of neuromodulators (1) (2) (3) (4) . This makes it challenging to identify the full complement of peptides that modulate a particular network. Much progress along these lines has, however, been made in experiments that have investigated peptidergic neurotransmission in experimentally advantageous model organisms. The present study was conducted in one such preparation, the mollusc Aplysia californica.
A number of bioactive neuropeptides have been identified in Aplysia using biochemical techniques to purify substances and molecular biological tools to characterize neuropeptides and their precursors. In particular, many peptides that have been characterized are present in connectives and identified neurons, including motoneurons, of the feeding network (5) (6) (7) (8) (9) (10) (11) (12) (13) . This network has been extensively characterized (e.g. sensory neurons, motoneurons, and interneurons have been identified) (14 -25) . The Aplysia feeding network is, therefore, ideally suited for functional studies of peptidergic modulation. In this report, we demonstrate that it contains leucokinin-like peptides.
Previous studies of the leucokinin family of peptides have been primarily conducted in arthropods. Members of this family were initially purified from the cockroach Leucophaera maderae using biochemical methods (26 -30) . Subsequently, leucokinin-like peptides were identified in a number of other insect species (31) . Insect leucokinins have been studied in physiological experiments, with most studies focusing on their myoactivity in the hindgut and increasing diuretic activity via the insect Malpighian tubules (31) (32) (33) . Further, more recent work has demonstrated that leucokinin signaling pathways play a role in regulating feeding behavior in Drosophila (34) . Despite this progress, there are still major gaps in knowledge. For example, bioinformatic studies have predicted the amino acid (aa) 4 sequences for leucokinin precursors in non-arthropods (35, 36) . However, these gene products have not been experimentally verified. It is therefore not clear how extensive the leucokinin family actually is in metazoa. Also, the descriptions of actual expression patterns of leucokinins in the nervous systems and their functional roles are unavailable in non-arthropods and are poorly understood even in some arthropod species (37) . Importantly, although neuropeptides can alter feeding responses by modulating the feeding central pattern generator (CPG) that controls the feeding movements (2) (3) (4) 38) , no prior studies have examined the effects of leucokinins on any feeding CPG, and this is one of our main objectives in this work.
Although there have been relatively few leucokinin-like peptides predicted in non-arthropod species, Cox et al. (39) did biochemically identify a single leucokinin-like peptide in Lymnaea. This suggested that leucokinin-like peptides could be present in Aplysia, which, like Lymnaea, is a gastropod mollusc.
To determine whether there are novel peptides, such as leucokinins, in Aplysia, we performed representational difference analysis (RDA) (11, 40, 41) by subtraction of mRNAs in two types of identified neurons in the feeding circuit. This is a nontargeted approach that can potentially identify any mRNA that is unique to one neuron. RDA in various forms has been successfully utilized in other model systems, including vertebrates (42, 43) .
Using RDA, we identified an Aplysia leucokinin-like peptide (ALK) precursor. The precursor that we identify is one of the longest neuropeptide precursors characterized to date. Additionally, we mapped the distribution of ALK-containing neurons in the Aplysia CNS using immunohistochemistry and in situ hybridization and demonstrated that ALKs are indeed expressed in single neurons using single-cell MALDI-TOF mass spectrometry. Finally, we showed that ALKs are bioactive in the Aplysia feeding network, where they modulate a specific parameter of feeding motor programs partly through a direct action on an identified element of the feeding CPG, interneuron B64. Thus, the ALK precursor is the first verified non-arthropod leucokinin precursor. Together with previous work in Drosophila (34) , these results suggest that the leucokinins may play an important role in regulating feeding behavior.
Results

Identification of the ALK precursor by RDA, cDNA library screening and RACE, and bioinformatics
RDA takes advantage of the fact that two types of neurons (i.e. a tester and a driver) may express different complements of mRNA, which may code proteins, including neuropeptide precursors. To identify neuron-specific proteins, cDNA is amplified, and the cDNA from one neuron is subtracted from the cDNA of the second neuron. This technique is non-targeted, meaning that it can potentially identify any proteins/peptides that are present in the tester, but not in the driver, and has been used successfully to identify several novel proteins in Aplysia (11, 40, 41) .
In the current work, we used buccal motoneuron B48 (14, 44) as a tester and two large neurons, B1/B2, as a driver. The first round of subtraction between B48 and B1/B2 allowed abundant RNAs that are unique to B48 to appear as prominent difference bands between 500 and 750 bp ( Fig. 1) . In some cases, one round of subtraction permits identification of clones that contain unique products (11, 41) . In other cases (40) and in the present study, this was not the case. Therefore, a second round of subtraction was performed by hybridizing the subtracted cDNA from the first round with the driver's DNA. In addition, cDNAs corresponding to peptide precursors known to be expressed by the tester neuron B48 (i.e. myomodulin cDNA) were added to exclude these cDNAs. Subcloning the products from the second subtraction produced many colonies that contained unique products (as determined by differential screening). The difference clones obtained from B48 were sequenced to reveal an open reading frame that contained partial sequences of several hundred bp. Sequences were considered partial because at the 5Ј-end, there was no start codon, and at the 3Ј end, there was no poly(A) addition site.
To obtain a complete sequence, we used the RDA fragments to screen a poly(T) pBluescript library and then used RACE to extend the sequence. We successfully obtained a clone with 6591 bp, which contained a complete protein of 2025 aa in length (Fig. 2 ). The gene sequence has been deposited into the NCBI database (GenBank TM accession number MF664476). The precursor is predicted by NeuroPred (http://stagbeetle. animal.uiuc.edu/cgi-bin/neuropred.py) 5 (45, 46) to code a number of putative neuropeptides, some of which appear in multiple copies. Some of these sequences are homologous to the insect leucokinins and have an amidated C-terminal pentapeptide motif: FXXWX-amide. Consequently, we putatively named the peptides Aplysia leucokinin-like peptides (ALKs). We named the most abundant ALK on the precursor ALK-1. Its sequence is PAFHSWS-amide, and it is present in 20 copies. There are seven copies of ALK-2 (PAFHAWS-amide), and two copies of PAFSAWS-amide ( Fig. 2) . There is only one copy of the 13 other amidated peptides (see supplemental Table S2 ). A comparison of ALK-1 and ALK-2 with leucokinin-like peptides in various species is shown in Table 1 . Leucokinin-like peptides in insects typically have a Phe amino acid residue near the N terminus and have a C-terminal WG-amide. Gastropod molluscs differ in that the C terminus is WS-amide. In addition, we compared some selected leucokinin-like peptide precursors, which are listed in supplemental Table S1 . For these precursors, we generated a sequence alignment (supplemental Fig. S1 ) and a hypothetical phylogenetic tree (supplemental Fig. S2 ).
Whereas the ALK preproprotein has a structure characteristic of the neuropeptide prohormone, encodes numerous putative peptides, and has a priming methionine, its signal peptide cannot be identified reliably. Using PrediSi (http://www. predisi.de/) 5 prediction (47), there is a 57% chance of a signal peptide cleavage site between Tyr 50 and Ala 51 in the preproprotein (supplemental Table S1 ). Our MS analysis later indicated that the peptide detected closest to the N terminus was Ser 75 -Val 98 . Therefore, the exact length of the ALK precursor signal peptide remains unknown.
We searched the NCBI database (including the EST database) and found several short matching nucleotide sequences ranging from 218 to 781 bp that matched 20% of the ALK precursor sequence in the beginning and the end portions of the precursor. These short sequences are EST deposits from an earlier Aplysia genome project (48) . We then searched a recently completed Aplysia EST database (http://www. aplysiagenetools.org/), 5 which has become a more popular source for Aplysia sequences. Indeed, we found several long matching sequences that showed Ͼ99% similarity with the ALK mRNA sequence in the following ranges: 37-990 (comp80863_ c0_seq1); 1119 -5215 (comp127554_c0_seq3), and 5216 -6578 (comp88691_c3_seq1) (supplemental Fig. S3 ). Overall, these three sequences matched 81.52% of the ALK precursor, providing independent support for the ALK precursor sequence. The search results are consistent with the idea that there is a single Aplysia gene that encodes leucokinin-like peptides. However, we cannot rule out the possibility that an additional gene exists.
Distribution of ALK mRNA and immunoreactivity in the Aplysia CNS
We performed a Northern blot analysis to determine the distributions of ALK mRNA in specific ganglia of Aplysia. Fig. 3 shows that ALK mRNA is predominantly expressed in buccal ganglia. ALK mRNA is ϳ8 kb in length (of which ϳ6 kb is the coding sequence), which is in a range similar to the long mRNA (6591 bp) that we identified. ALK mRNA was not detected in other ganglia. It is likely that this is due to the fact that the overall mRNA level in these ganglia was too low to be detected.
To map ALK-positive neurons and their processes in the CNS of Aplysia, we used two methods: in situ hybridization performed on whole mounts obtained from small size animals (ϳ10 g) (n ϭ 3 for each ganglion) and immunohistochemistry performed on whole mounts obtained from larger animals (Ͼ90 g) (n ϭ 3 for each ganglion). Smaller animals are preferred for in situ hybridization experiments, as they tend to generate less background. For immunohistochemistry experiments, we raised a polyclonal antibody against ALK-1. The specificity of the antibody was demonstrated by preabsorption experiments that abolished staining (supplemental Fig. S4B ). We detected ALK-positive neurons in all central ganglia (i.e. in the buccal ganglion ( Fig. 4, A and B) , the cerebral ganglion ( Fig. 4 , C and D), the pleural-pedal ganglion ( Fig. 5 , A-D), and the abdominal ganglion ( Fig. 5 , E and F)). Notably, the patterns of cell body staining by both in situ hybridization and immunostaining are similar, providing further support for the specificity of the antibody that we generated.
Consistent with Northern blot data, the heaviest labeling was observed in the buccal ganglion. Particularly well labeled was a cluster of dorsal-lateral cells that can be seen in both the rostral and caudal surfaces near the roots of the esophageal nerve (EN) and the buccal nerve 1 (Fig. 4 , A2 and B2). Some neurons in this location project their axons in the cerebro-buccal connective (CBC). To determine whether this is the case for the ALK-positive neurons, we backfilled the buccal end of the CBC (Fig. 6B1 ) and processed preparations for immunohistochemistry ( Fig. 6B2 ). Within the limits of our resolution, 12 of the 13 ALK-immunoreactive neurons were double-labeled, and therefore their axons are present in Bottom right, lane 5 shows the results of a second round of subtraction. One difference clone obtained from B48 was sequenced to reveal an open reading frame that coded for an incomplete ALK transcript. The complete transcript was subsequently obtained with RACE (see "Results").
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the CBCs. Note that the giant, largest B1/B2 neurons on the caudal surface ( Fig. 4B ), used as the driver for RDA, were negative in both in situ hybridization and immunohistochemistry experiments. This also indicates that the antibody we used is specific.
In the cerebral ganglion, we observed ALK-positive neurons scattered on the dorsal surface and within the G and E clusters of the ventral surface. Some neurons in the E cluster may be cerebralbuccal interneurons (CBIs) (21, 49 -51). In immunostaining, we observed axons of at least some of these neurons that appeared to continue out of the anterior and posterior tentacular nerves (AT and PT) ( Fig. 4 , C2 and D2). Additionally, numerous immunoreactive axons were present in the CBC ( Fig. 4 , A2, B2, and D2). These results are consistent with the idea that ALKs play a role in feeding, as feeding motoneurons and pattern-generating interneurons are located in the buccal ganglion, and feeding higher-order interneurons (i.e. CBIs) are located in the cerebral ganglion (52) (53) (54) .
Other ganglia, including the pleural-pedal and abdominal ganglion ( Fig. 5 ), did show staining of some scattered cells, but the overall staining was relatively weak. Moreover, immunostaining showed little staining of axons.
Because the buccal motoneuron B48 was the original source of the tester material used for RDA, we performed doublelabeling experiments to determine whether B48 is ALK-immunoreactive (n ϭ 3). We physiologically identified B48 neurons, injected carboxyfluorescein (Fig. 6A1 ), and then performed immunohistochemistry ( Fig. 6A2 ). B48 was indeed ALK-immunopositive.
Mass spectrometric analysis of prohormone processing and posttranslational modifications (PTMs)
MALDI-TOF MS is well suited for profiling neuropeptides from small samples, such as individual Aplysia neurons (55, 56). Table S2 ). Among the 16 amidated peptides, all but one (DSPRMFAFNSLS-amide, shown in light blue) have a C-terminal pentapeptide motif (FXXWX-amide) with the last aa being Ser, Gly, Ala, or Asn and are classified as ALKs. Note that several peptides at three locations have overlapping sequences, indicating alternative cleavage sites.
Table 1
Comparison of leucokinin-like neuropeptides in representative species *, Predicted; **, Predicted and the precursor is incomplete. Additional peptides included for the frequency plot under the table but not in the table for clarity are as follows: in L. maderae, Leucokinin III (DQGFNSWG-amide), Leucokinin IV (DASF-HSWG-amide) (28); Leucokinin V (GSGFSSWG-amide), Leucokinin VI (pESSFH-SWG-amide) (29); Leucokinin VII (DPAFSSWG-amide), Leucokinin VIII (GAD-FYSWG-amide) (30); in A. domesticus Achetakinin III (ALPFSPWG-amide), Achetakinin IV (NFKFNPWG-amide), Achetakinin V (AFHSWG-amide) (82); in A. domesticus, Achetakinin III (ALPFSPWG-amide), Achetakinin IV (NFKFNPWGamide), and Achetakinin V (AFHSWG-amide) (82); in Culex salinarius CDP III (TKYVSKQFFSWG-amide) (84); in A. aegypti, Leucokinin III (NNPNVFYPWGamide) (85) ; and in Helicoverpa zea Helicokinin III (KVKFSAWG-amide) (86) . The sequence letters shared between different species are highlighted in red. 
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Here, we isolated eight individual buccal neurons from left and right dorsal-lateral clusters expressing ALK mRNA and showing immunoreactivity and profiled them using MALDI-TOF MS to determine the processing of the ALK precursor and the structure of the final peptides expressed. We detected a total of 40 peptides that had masses that matched in silico-predicted (45, 46) ALK precursor-derived peptides. The most intense signal corresponded to the amidated form of ALK-1, which is present in 20 copies on the prohormone, at m/z 830.402 Ϯ 10 ppm ( Fig. 7 and supplemental Table S2 ). Another amidated peptide, ALK-2, was also detected at high intensity. In total, 16 predicted amidated peptides and 24 linker peptides have been detected (supplemental Table S2 ). Among the 16 amidated peptides, all but one (DSPRM-FAFNSLS-amide) have a C-terminal pentapeptide motif (FXXWX-amide) (see "Discussion") with the last aa being Ser, Gly, Ala, or Asn, and thus are classified as ALKs (Fig. 2 ). Isotopic pattern fit has been calculated to verify the assignment of select peptides with close molecular weights and to resolve their overlapping isotopic clusters in the mass spectrum (PAFSPWS-NH 2 Aplysia leucokinin-like neuropeptides and feeding modulation peptides, four are presumably processing intermediates (supplemental Table S2 ). We also performed MALDI-TOF MS analysis of the CBC to determine whether it contains ALK precursor-derived peptides (i.e. whether ALK precursor-derived peptides are present in cerebral-buccal and/or buccal-cerebral interneurons). These two types of interneurons play an important role in the generation of feeding motor programs (16 -18, 22, 49) . We did indeed detect ALK precursor-derived peptides, including ALK-1 and ALK-2, in the CBC. These data are consistent with the idea that the ALKs may influence feeding.
Modulatory actions of ALKs in the feeding circuit
Feeding in Aplysia has both appetitive and consummatory phases (57) . Because food is ingested during the consummatory phase, it has been the subject of much research (49, 58, 59) . Consummatory behaviors are mediated by the radula, which protracts and retracts and opens and closes. Behaviors are ingestive if the radula closes during retraction (to pull food into the buccal cavity) and are egestive if the radula closes during protraction (which pushes food out) (58, 59) .
Previous studies have shown that fictive feeding or feeding motor programs, which are an in vitro representation of consummatory feeding, can be elicited in the isolated CNS by stimulation of a command-like interneuron, CBI-2 (14, 16 -18, 20, 22, 49, 60) . CBI-2 evokes motor programs through its excitatory actions on pattern-generating interneurons in the buccal ganglion, such as B34, which in turn provide inputs to other pattern-generating neurons. Pattern-generating interneurons drive motoneurons in the buccal ganglion, which ultimately produce the behavior.
In the isolated CNS, radula protraction is monitored by recording extracellularly from the I2 nerve, which contains axons of protraction motoneurons (15) . Radula retraction can be indirectly monitored by recording intracellularly from protraction interneurons (i.e. they are hyperpolarized during retraction). Radula closing is monitored by recording intracellularly from the B8 motoneurons. Motor programs are ingestive when B8 is predominantly active during retraction, egestive when B8 is active during protraction, and interme- 
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diate when B8 is active during both protraction and retraction. We sought to determine whether the ALKs are bioactive in the feeding circuit. We tested both ALK-1 and ALK-2 and found that their effects were similar, so we pooled the results from ALK-1 and ALK-2 together. In the first set of experiments, we examined whether the ALKs can modulate parameters of motor programs elicited by CBI-2. We elicited a single cycle of a motor program by stimulating CBI-2 at 8 -10 Hz. The interstimulation interval was 1.5 min. One such experiment is shown in Fig. 8 (A1-4) . Under control conditions (Fig. 8A1) , CBI-2 stimulation elicited an ingestive motor program (i.e. B8 was predominantly active during retraction). When the preparation was superfused with 10 Ϫ6 M ALK (Fig. 8A2 ) and 10 Ϫ5 M ALK (Fig. 8A3 ), there was a concentration-dependent shortening of protraction ( Fig. 8A5, F(3, 21) ϭ 40.93, p Ͻ 0.001, n ϭ 8).
Other phases of the motor program were not significantly altered (i.e. there was no effect on retraction duration (Fig. 8A6,  F(3, 21) ϭ 0.63, p Ͼ 0.05, n ϭ 8), or on B8 activity during protraction ( Fig. 8A7, F(3, 21 ) ϭ 1.68, p Ͼ 0.05, n ϭ 8) or retraction ( Fig. 8A8, F(3, 21) ϭ 0.79, p Ͼ 0.05, n ϭ 8)).
Similar to most rhythmic behaviors, Aplysia feeding behavior is controlled by a CPG. In a subsequent set of experiments, therefore, we sought to determine whether the ALKs shorten the duration of the protraction phase via modulation of the CPG. Specifically, we examined the effects of ALKs on the excitability of the CPG element, interneuron B64. Previous studies have shown that B64 acts as a terminator of protraction and thus as a shortener of protraction (15, 61) . We found that the ALKs increased B64 excitability in a concentration-dependent manner (Fig. 8B, F(3, 21) ϭ 12.97, p Ͻ 0.001, n ϭ 8). In addition, the ALKs decreased B64 threshold to spike (Fig. 8C , F(3, 6) ϭ 10.37, p Ͻ 0.01, n ϭ 3).
Discussion
Here, we used RDA and RACE to discover a novel, unusually long neuropeptide precursor that encodes ALKs. Below, we discuss our approach and evolutionary and functional aspects of leucokinin-like peptides.
Utility of our approach and properties of the ALK precursor
It is most notable that the ALK precursor is the first verified and functionally characterized leucokinin-like precursor outside of arthropods (see supplemental Figs. S1 and S2). Importantly, RDA proved to be critical for the identification of this protein. Querying the NCBI public depositories with ALK precursor, we did not find any leucokinin precursors from other animals. This is not surprising, given the fact that shared motifs Table S2 ). Detected peptides are labeled according to their numerical order in supplemental Table S2 .
Aplysia leucokinin-like neuropeptides and feeding modulation ( Table 1 ) that interact with their cognate receptor are short (i.e. ϳ5 amino acids). Large sections of leucokinin-like prohormones are often species-specific (see supplemental Figs. S1 and S2). Thus, the homology of the full-length prohormone to wellstudied species is not long enough to offer accurate neuropeptide gene annotation by similarity across species. In addition, searches of NCBI EST (48) and of a recently completed, more complete transcriptome database (Aplysia gene tools) (supplemental Fig. S3 ) did come up with some matching sequences, but they were all shorter pieces, none of them encoding the complete ALK precursor. The absence of the ALK precursor in any currently available database reinforces the utility of our RDA-based approach in identifying long sequences like the ALK precursor.
RDA is a non-targeted approach to identify potentially novel peptide precursors that are present in motoneuron B48 but not in neurons B1/B2. RDA generated incomplete transcripts. Our subsequent usage of RACE enabled us to generate the complete precursor (i.e. the unusually long ALK precursor). By contrast, all currently identified/predicted leucokinin-like peptide precursors, including several unverified molluscan leucokinin-like peptide precursors (supplemental Fig. S1 and Table S1 ) range from 97 to 347 aa. At present, it is not clear why the ALK precursor is so long. This may, however, become clearer as additional leucokinin-like peptide precursors are identified in other molluscs, including other Aplysia species. Regardless, it is likely that the ALKs play critical regulatory roles in Aplysia, given that a number of copies of ALK-1 and ALK-2 can be expressed and secreted through a single translation.
We had difficulty in determining the signal peptide for the ALK precursor. Perhaps the occurrence of numerous basic and acidic amino acid residues in the predicted amino terminus of the prohormone precursor made it less likely to form hydrophobic ␣-helix (H-region) in the center of a signal peptide. In fact, the exact length and location of the cleavage site of the signal peptide cannot be confidently predicted by prediction tools (47, 62) (supplemental Table S1 ). We found a similar challenge with the leucokinin-like peptide precursor of Lucilia cuprina (supplemental Table S1 ), where signal peptide cleavage is predicted at a low 71% probability. This suggests that signal peptide predictions may be challenging for some neuropeptide precursors. Regardless, the presence of ALKs in the CNS is indicated by our immunostaining and direct mass spectrometric measurement. The latter experiments detected multiple processed peptides in individual neurons and in the CBC. Thus, our data indicate that ALK transcript is expressed, translated, and posttranslationally processed like a typical neuropeptide prohormone. Moreover, numerous processed peptides undergo further PTM (i.e. amidation of C terminus), which often renders biological activity to mature peptides. Protraction phase (open bar) is defined by the activity in the I2 nerve. Retraction phase (filled bar) is defined by a period of hyperpolarization of B34 after the protraction phase is terminated and also by a period of high-frequency activity of the radula closing motoneuron B8. Upon wash, protraction duration returned to its control value. A5, group data on protraction duration. In contrast, the ALKs had no significant effect on the duration of retraction (A6) or B8 activity during either protraction (A7) or retraction (A8). B and C, ALKs increase B64 excitability (B1) and decrease B64 threshold to spike (C1). B2 and C2, group data. Bars in B1 and C1 denote current injections in B64. Recordings in A were made in ASW, whereas recordings in B and C were made in high divalent saline. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 (Bonferroni post hoc tests). Error bars, S.E. D, schematic drawing of the Aplysia cerebral and buccal ganglia, illustrating the locations of the neurons recorded from and the source (ALK neurons, red) and target (B64, green) of ALKs. B1/B2, used as a driver for the RDA, are also illustrated. For the cerebral ganglion, neurons on the ventral surface are shown on the left, dorsal on the right. For the buccal ganglion, neurons on the rostral surface are shown on the left, caudal on the right. Nerve abbreviations are as in Fig. 4 .
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To compare peptides, we selected a number of identified and predicted leucokinins from other species (Table 1) . We included peptides from molluscs, annelids, and nematodes. Some of the included peptides are predicted in silico from putative precursors, and some of the predicted precursors are incomplete. Leucokinin-like peptides in arthropods (mostly insects) and annelids share an amidated C-terminal pentapeptide motif called FXXWG-amide. In nematodes, the motif becomes FXXWA-amide. In molluscs, leucokinin-like peptides showed some variability in the last amino acid. In most cases (including Lymnaea (39) and Aplysia), this motif is FXXWSamide. In fact, the Lymnaea leucokinin and ALK-1 only differ by a single amino acid. Other motifs, such as FXXWG-amide and FXXWA-amide, are observed. Indeed, Aplysia also express an FXXWG-amide peptide (PAFHAWG-amide) and an FXXWA-amide peptide (AGFAPWA-amide), and both are present in single copies ( Fig. 2 and supplemental Table S2 ). Thus, the ALK precursor encodes peptides matching most motifs currently identified for leucokinin-like peptides, which is perhaps not surprising, given its unusually long sequence. This also suggests that the ALK precursor may reflect the structure of an ancient leucokinin-like peptide prohormone.
Initially, leucokinins were thought to be orthologues of the vertebrate tachykinins (which include substance P) (e.g. see Ref. 34 ). Tachykinins have a somewhat similar C-terminal pentapeptide motif, FXGLM-amide. The similarity between the Drosophila leucokinin receptor (Lkr) and vertebrate tachykinin receptors appears to support this notion (63) . However, the Drosophila genome encodes several other peptides with a C-terminal motif (FXGXR-amide) that are more similar to tachykinins than leucokinins (31, 64) . More recently, two extensive bioinformatic studies of a large number of verified and predicted neuropeptide precursors and G-proteincoupled receptors (GPCRs) (35, 36) have demonstrated that tachykinin orthologues are present in both protostomes and deuterostomes (see Data Set S1 of Ref. 36 ). On the other hand, leucokinin orthologues are only present in protostomes (including arthropods and molluscs) (35, 36, 65) . Thus, it is likely that leucokinin orthologues are not orthologues of the tachykinins and are not even present in vertebrates.
In protostomes, most of the known leucokinins and their precursors are from arthropods. The ALK precursor is the first complete, structurally and functionally characterized precursor that is not present in an arthropod. The two bioinformatic studies mentioned above (35, 36) did, however, identify in silico leucokinin-like precursors that are non-arthropod. Some of these are incomplete transcripts. Others are complete and include precursors from the annelid Malacoceros fuliginosus, the mollusc Tritonia diomedea, and the nematode Trichinella spiralis (supplemental Fig. S1 and Table S1 ; some of the predicted leucokinin-like peptides are listed in Table 1 ).
Diverse functions of leucokinin-like peptides: Roles in feeding
Before our study, functional studies of leucokinin-like peptides were almost entirely conducted in insects. An exception, however, is research that has been conducted in Lymnaea. The GPCR for the Lymnaea leucokinin has been identified, and one biochemically isolated Lymnaea leucokinin (i.e. lymnokinin) exerts effects via this receptor (39) . However, the lymnokinin distribution in the CNS has not been determined using either in situ hybridization or immunohistochemistry.
In insects, although earlier work focused on the roles of leucokinin-like peptides in the digestive system and fluid secretion (31, 34) , a more recent study conducted in Drosophila demonstrated that leucokinin signaling pathways regulate meal size, indicating a major role in feeding (34) . This is the first and only functional study of the role of the leucokinins in feeding.
In the present work, we provide multiple lines of evidence that clearly show that ALKs play a marked role in Aplysia feeding (Fig. 8D) . First, Northern blots, in situ hybridization, immunohistochemistry, and MALDI-TOF MS all demonstrate that the ALKs are predominantly located in the buccal ganglion, which directly controls feeding. Immunostaining also shows the ALKs are present in the CBC, which links the buccal ganglion to the cerebral ganglion (which also contains feeding circuitry). Thus, the ALKs are present in feeding neurons and processes.
Second, we directly demonstrate that ALKs modulate one specific parameter of the protraction-retraction sequence of consummatory feeding (i.e. they shorten protraction in motor programs evoked by a command-like neuron in the isolated CNS). Previous studies have demonstrated that identical patterns of motor activity can be recorded from both behaving animals (59, 66) and in vitro ganglia (17, 60) . Thus, the in vitro effects of ALKs probably translate to effects on consummatory feeding behavior. In addition, we identified a potential mechanism by which ALKs shorten protraction because ALKs enhance the excitability and decrease the spiking threshold of an identified interneuron (B64). This neuron is normally active during retraction and serves to terminate protraction (15, 61) . An increase in its excitability and a decrease of threshold would therefore be expected to shorten protraction.
Future studies may identify the ALK-positive neurons that release ALKs and shorten protraction. For example, it would be of interest to identify the ALK-positive neurons that send their axons to the CBCs. Regardless of which neurons are the sources of ALKs, the current study and the work on Drosophila (34) both support the idea that leucokinin-like peptides play a critical role in various aspects of consummatory feeding. Importantly, in both Drosophila and Aplysia, leucokinin-like peptides do not prevent the execution of feeding behavior or the generation of motor programs. Rather, they exert modulatory actions. Specifically, our study suggests that ALKs may promote faster consumption of food because a shorter protraction is likely to result in a shorter cycle period. In contrast, in Drosophila, leucokinins function to reduce meal size and increase meal frequency, possibly by enhancing a gut distension signal. The Drosophila work used a gross measure of feeding (i.e. the amount of food intake) but did not monitor the duration of individual feeding movements. Consequently, it is presently unclear how the feeding effects in the two species may be related. Importantly, to the best of our knowledge, our findings represent the first demonstration of modulation of the feeding Aplysia leucokinin-like neuropeptides and feeding modulation CPG by leucokinin-like peptides, as this has not been previously demonstrated in any animals, including arthropods.
In addition, given the presence of a number of ALK-positive neurons in the buccal and cerebral ganglia, it is likely that ALKs may also play a role in other aspects of feeding, including regulation of meal size and frequency, as is the case in Drosophila, which would be another interesting subject for future studies. In this context, it is notable that Aplysia Neuropeptide Y plays a role during the transition from hunger to satiation and reduces meal size (67) . Effects of Aplysia Neuropeptide Y are exerted by reconfiguring the feeding CPG and converting ingestive programs to egestive activity. In contrast, if ALKs also reduce meal size, it is unlikely that they do so by reconfiguring the feeding circuit. This is suggested by the fact that we demonstrate that patterns of B8 activity during protraction and retraction did not change (Fig. 8, A7-8 ). This indicates that program type was not altered.
Finally, wide distributions of ALKs in the Aplysia CNS also suggest that ALKs may have broader functions in the modulation of other behavioral networks. Although not as prominent, ALK-positive neurons are present in the pleural-pedal and abdominal ganglia, which mediate other behaviors, such as locomotion and visceral functions. Indeed, some other roles of leucokinins in insects have been reviewed recently (68) .
In summary, we used RDA to identify ALK mRNA. We mapped the distribution of ALKs and characterized proteolytic processing and PTM of the ALK precursor using single-cell mass spectrometry. Finally, we demonstrated a novel role of ALKs in modulating a movement parameter of feeding motor programs. Importantly, we identified a CPG element as a target of leucokinin modulation that may carry out leucokinin action on the duration of the protraction phase of feeding responses. The ALK precursor represents a first verified precursor for leucokinin-like peptides outside of arthropods. Our functional studies of ALKs in the feeding system taken together with previous work in Drosophila establish that leucokinin-like peptides play a regulatory role in different aspects of feeding, supporting their diverse functions in protostomes. Moreover, our multidisciplinary approach based on RDA is also likely to be useful in other model systems in which specific neurons are identifiable.
Experimental procedures
Animals
Experiments were performed on A. californica (10 -300 g), purchased from Marinus Scientific (Long Beach, CA) and the Aplysia Research Facility (Miami, FL). Aplysia are hermaphroditic (i.e. each animal has reproductive organs normally associated with both male and female sexes). Animals were kept in an aquarium containing aerated and filtered artificial seawater (Instant Ocean, Aquarium Systems Inc., Mentor, OH) at 14 -16°C until use. The animal room was equipped with a 24-h light/dark cycle with light period from 6:00 a.m. to 6:00 p.m. Before dissection, animals were anesthetized by injection of isotonic 333 mM MgCl 2 (about 50% of body weight) into the body cavity.
Reagents and peptides
All reagents were purchased from Sigma-Aldrich unless otherwise indicated. We synthesized two Aplysia leucokininlike peptides: ALK-1 (PAFHSWS-amide) by ChinaPeptides Co., Ltd., and ALK-2 (PAFHAWS-amide) by PeptidoGenic Research Co., Inc. The peptide standards for MS calibration were supplied by Bruker Daltonics (Bremen, Germany).
RDA
Previously, we modified the RDA approach (69, 70) to identify novel peptides from single identified neurons in the Aplysia CNS, as described in detail elsewhere (11) .
Briefly, the entire procedure can be divided into three steps (Fig. 1 ). 1) Two types of cells are isolated, where the first is the cell of interest, or "tester," whose proteins are to be identified. The second cell, or "driver," is used to subtract sequences that are shared with the tester. The rationale behind this RDA approach is that the tester contains one or more proteins not present in the driver. In this study, the buccal motoneuron B48 of the feeding network was the tester, whereas buccal neurons B1/B2 were the drivers. Because any peptides unique to B48 can potentially be identified, this method can be considered a nontargeted approach for peptide identification. Multiple cells from each cell type were collected in a solution of ice-cold 50% propylene glycol and 1.2 M NaCl in diethylpyrocarbonatetreated H 2 O and stored at Ϫ80°C. 2) Amplification of the cDNA from the RNA of the tester and the driver was done as described previously (71) . 3) RDA (69, 70) with the amplified cDNA of the tester and the driver was performed. The cDNAs of the driver and tester were digested with DpnII, and the driver cDNA was ligated to R-Bam adaptors, whereas the tester cDNA was ligated to N-Bam adaptors. DpnII was used to cut cDNAs with an average length of 256 bp that contained overhangs to facilitate ligation of adapters for PCR and to clone amplified fragments, because the overhangs are complementary to BamHI-digested plasmids. The driver DNA was amplified with biotinylated R-Bam primer and then hybridized with unamplified tester cDNA. Here, we modified the RDA method by including a physical subtraction based on biotinylated driver primers, streptavidin incubation, and phenol/chloroform extraction (72) . This procedure removed the driver and with it any tester cDNA that is complementary and bound to it. We then performed the final amplification with tester N-Bam primer to further enrich the protein sequences that were unique to the tester.
Cloning
Standard molecular techniques were used except where noted. We used random primers to generate 32 P-labeled fragments from the incomplete mRNA transcripts derived from the above RDA procedure. These fragments were then used to screen the poly(T) pBluescript library. The isolated clones were subcloned and sequenced. Then RACE was performed to obtain the complete sequence of the ALK precursor. RACE includes the following steps. First, total RNA isolated from the buccal ganglion was reverse transcribed to cDNA. Next, 5Ј-RACE and 3Ј-RACE were implemented using gene-specific primers.
Aplysia leucokinin-like neuropeptides and feeding modulation Sequence comparison
We compared leucokinin-like peptides (Table 1 ) and the ALK precursor and 16 leucokinin-like peptide precursors (supplemental Figs. S1 and S2). For the peptide comparison in Table  1 , we generated a frequency plot of each aa (aligned from the C terminus) using Weblogo software (http://weblogo.berkeley. edu/logo.cgi) 5 with default parameters except that bitmap resolution was changed to 300. The larger the character for each aa is, the higher was the frequency of the aa appearing in the group of the peptides.
For precursor comparison in supplemental Figs. S1 and S2, the 16 precursor sequences were downloaded from the NCBI protein database (https://www.ncbi.nlm.nih.gov/protein) (supplemental Table S1 ). We generated the sequence alignment (supplemental Fig. S1 ) using BioEdit Software. We used MEGA7 software to generate a phylogenetic tree. First, the 17 sequences were aligned by ClustalW, using default parameters. Second, the alignment result was used to perform phylogenetic analysis (supplemental Fig. S2 ) with a construct/test maximum likelihood tree, of which a phylogeny was chosen using the Bootstrap method. The other parameters were set as default.
Antibodies
Antibodies were generated to ALK-1 (PAFHSWS-amide). The peptide antigens were prepared as described in detail previously (9, 73, 74) . Briefly, the antigen was made by coupling ALK-1 to BSA (Sigma, catalogue no. A0281), using 1-ethyl-3-(dimethylaminopropyl)carbodiimide (Sigma, catalogue no. E7750), and then purified. For each antigen, two male Sprague-Dawley rats (250 -300 g; Taconic Farms) were immunized by intraperitoneal injections. At days 21 and 42, the rats were boosted by intraperitoneal injections. Animals were killed by decapitation at 49 d, and the blood was harvested and processed for serum. Sera were aliquoted, frozen, and lyophilized or stored at 4°C with EDTA (25 mM final concentration), and thimerosal (0.1% final concentration) was added as a stabilizer. For antibodies that produced immunostaining, specificity was confirmed by preincubation overnight of the primary antibodies with the corresponding synthetic peptide (i.e. ALK-1 (100 M)), which abolished the staining (supplemental Fig. S4 ).
Northern blot analysis
Northern blot analysis was performed as described previously (11, 73, 74) . Briefly, RNA was isolated from homogenized pooled ganglia using the acid-phenol method (75) . RNA from each ganglion type (buccal, cerebral, pleural, pedal, and abdominal) was fractionated separately using denaturing agarose gels (1.5%) and transferred to nylon membranes (Biodyne B, Invitrogen). The RNA was immobilized with Stratalinker UV (Stratagene) and visualized by staining with 0.02% methylene blue in 0.3 M sodium acetate, pH 5.5. After washing out the excess stain with DEPC-treated water, the blot was scanned to document the amount of RNA transferred from each lane. After destaining with 1% SDS, 1 mM EDTA, and 50 mM Na 3 PO 4 , pH 7.2, the blot was prehybridized for 1 h at 50°C using 50% formamide, 10% dextran sulfate, 7% SDS, 10 mM EDTA, 50 g/ml salmon sperm DNA, and 250 mM Na 3 PO 4 , pH 7.2. Heat-denatured, random-primed (New England Biolabs), [ 32 P]dCTP-labeled cDNA probe (ALK precursor (4848 -5235 bp), 388 bp in length) was added, and hybridization was continued overnight at 50°C. Blots were washed twice for 15 min at room temperature with 2ϫ standard saline phosphate EDTA (SSPE) and 0.1% SDS, washed for 60 min at 50°C with 0.1ϫ SSPE and 0.1% SDS, and exposed to film. Autoradiographs and methylene blue-stained blots were scanned into Photoshop (Adobe Systems) and compiled into figures.
In situ hybridization
In situ hybridization was performed as described previously (40, 71) . Ganglia were digested with 1% protease type IX (Sigma-Aldrich) in 10 ml of artificial seawater (ASW) for 3 h at room temperature (with rocking) to facilitate the removal of the sheath. After digestion, ganglia were washed with ASW and fixed overnight at 4°C with 4% paraformaldehyde (Electron Microscopy Sciences) in PBS. Ganglia were then washed, desheathed, and dehydrated in an ascending ethanol series. After rehydration in a descending ethanol series, the ganglia were prehybridized for 6 h and then hybridized overnight at 50°C in hybridization buffer (50% formamide, 5 mM EDTA, 5ϫ SSC, 1ϫ Denhardt's solution, 0.1% Tween 20, and 0.5 mg/ml yeast tRNA) containing 2 g/ml digoxigenin-labeled cRNA probes made from a partial clone from RDA, which corresponded to ALK precursor (4848 -5235 bp) (388 bp in length). After washout of the probes, ganglia were then incubated overnight at 4°C with a 1:200 dilution of alkaline phosphataseconjugated anti-digoxigenin antibody (Roche Applied Science) in PBS containing 0.1% Tween 20 (PBT), 0.2% bovine serum albumin (BSA) (catalogue no. A0281, Sigma-Aldrich), and 1% normal goat serum. After washes with PBT to remove unbound antibody, ganglia were washed with detection buffer (100 mM NaCl, 50 mM MgCl 2 , 0.1% Tween 20, 1 mM levamisol, and 100 mM Tris-HCl, pH 9.5) and developed with 4.5 l of nitro blue tetrazolium and 3.5 l of 5-bromo-4-chloro-3-indolyl phosphate (Roche Applied Science) in 1 ml of detection buffer. The staining reaction was monitored visually and stopped by washing with PBT when the level of staining was adequate. The stained ganglia were observed and photographed using a fluorescence microscope (Nikon) with epiillumination against a white background. Photographs were taken with a Nikon CoolPix 990 digital camera, imported into Photoshop, and compiled into figures.
Immunohistochemistry
Immunohistochemistry was performed as described previously (67, 74) . The tissue was fixed in a buffer (4% paraformaldehyde, 0.2% picric acid, 25% sucrose, and 0.1 M NaH 2 PO 4 , pH 7.6) for either 3 h at room temperature or overnight at 4°C. All subsequent incubations were done at room temperature. The tissue was washed with PBS and was permeabilized and blocked by overnight incubation in blocking buffer (10% normal goat serum, 2% Triton X-100, 1% BSA, 154 mM NaCl, 50 mM EDTA, 0.01% thimerosal, and 10 mM Na 2 HPO 4 , pH 7.4). The primary antibody was diluted 1:250 in blocking buffer and incubated with the tissue for 4 -7 days. The tissue was then washed twice per day for 2-3 days with washing buffer (2% Triton X-100, 1% BSA, 154 mM NaCl, 50 mM EDTA, 0.01% thimerosal, and 10 mM Na 2 HPO 4 , pH 7.4). After washing, the tissue was incubated Aplysia leucokinin-like neuropeptides and feeding modulation with a 1:500 dilution of secondary antibody (lissamine rhodamine goat anti-rat; Jackson ImmunoResearch) for 2-3 days and then washed again two times with washing buffer for 1 day and four times with storage buffer (1% BSA, 154 mM NaCl, 50 mM EDTA, 0.01% thimerosal, and 10 mM Na 2 HPO 4 , pH 7.4) for 1 day. We observed and photographed the tissue under a fluorescence microscope.
For double labeling of physiologically identified B48 cells with ALK immunohistochemistry, neurons were identified based on morphology and electrophysiological characters and injected with carboxyfluorescein (76) . For double labeling with backfills, CBCs of live buccal ganglia were cut, and the buccal ends of the CBCs were incubated overnight in a Vaseline well containing biocytin. This allowed biocytin transport to the somata of neurons with axons in the CBC. Ganglia were then fixed and processed with avidin-fluorescein so that somata were green. Tissues were also processed for immunocytochemistry as described above.
Mass spectrometric analysis of peptides
To characterize ALKs in the Aplysia CNS, we used MALDI-TOF MS on individual ALK-expressing neurons from the buccal ganglion and the CBCs. Buccal hemi-ganglia were treated with 1% protease IX in ASW with antibiotics (100 units/ml penicillin G, 100 g/ml streptomycin, and 100 g/ml gentamicin) for 45 min at 34°C and then desheathed. Individual buccal neurons were manually isolated according to the ALK in situ hybridization staining map using electrolytically sharpened tungsten needles. Isolated neurons were transferred one by one onto a stainless steel MALDI sample plate (Bruker Daltonics) using homemade plastic micropipettes filled with deionized water. Excess liquid was aspirated from the sample plate, and 0.5 l of saturated DHB matrix (DHB: 2,5-dihydroxybenzoic acid, 20 mg/ml deionized water) was applied onto the sample spots. Peptide profiles were measured using an ultrafleXtreme MALDI-TOF/TOF mass spectrometer (Bruker Daltonics) equipped with a Smartbeam II frequency tripled Nd:YAG solidstate laser. Mass spectra were manually acquired in positive reflectron mode and calibrated externally using Bruker Peptide Mix II standards. Signals from 600 -1800 laser shots fired at 2000-Hz frequency at multiple locations within each sample spot were summed into a representative cell spectrum. Obtained mass spectra were processed using flexAnalysis version 3.4 software (Bruker Daltonics).
To aid interpretation of the MS results, we generated a library of putative peptides encoded by the ALK prohormone using the NeuroPred prediction tool (http://stagbeetle. animal.uiuc.edu/cgi-bin/neuropred.py) 5 (45, 46) . When predicted masses of select peptides were very similar and signals in the mass spectrum were expected to overlap, the theoretical isotopic ratios of the accurate mass formula for each of the conflicting peptides were compared with the experimentally determined isotopic patterns using the Simulated Isotopic Pattern function in flexAnalysis version 3.4, and assignment was based on the best fit. Location of the putative signal peptide cleavage site was inferred from the PrediSi (http://www.predisi.de/) 5 model (47) .
In the single-cell MS experiments (Fig. 7) , endogenous processed peptides were identified using a peptide mass fingerprint (PMF) approach (77) . The PMF approach is effective when numerous peptides are encoded by a specific prohormone and are detected experimentally. We verified that the masses of experimentally detected peptides were within the acceptable margin of error from theoretical masses of predicted peptides derived from the ALK precursor. In other words, we fingerprinted ALK precursor-derived peptides by detecting the predicted processed peptides. The fact that we detected 40 peptides from the ALK prohormone (supplemental Table S2 ) increased the confidence of our assignments. The PMF method is accepted in protein characterization studies, and its accuracy is determined by both the mass assignment errors and the number of predicted peptides that are detected (both parameters are included in supplemental Table S2 ).
Electrophysiology
Intracellular and extracellular recording techniques were utilized as described previously (13, 25, 40, 78, 79) . Briefly, ganglia were desheathed, transferred to a recording chamber containing 1.5 ml of ASW (460 mM NaCl, 10 mM KCl, 11 mM CaCl 2 , 55 mM MgCl 2 , and 10 mM HEPES, pH 7.6), continuously perfused at 0.3 ml/min, and maintained at 14 -17°C. Peptides, ALK-1 or ALK-2, were dissolved in ASW immediately before each physiological test, and the peptide/ASW solution was perfused into the recording chamber. Some experiments were also performed in a high divalent saline (368 mM NaCl, 8 mM KCl, 13.8 mM CaCl 2 , 115 mM MgCl 2 , and 10 mM HEPES, pH 7.6), which increases the spiking threshold of neurons and therefore curtails polysynaptic influences. Intracellular recordings were obtained using 5-10-megaohm sharp microelectrodes filled with an electrolyte (0.6 M K 2 SO 4 plus 60 mM KCl). Extracellular recordings were acquired from polyethylene suction electrodes. Grass S88 and WPI Pulsemaster A300 stimulators were used to provide timing signals for intracellular stimulation.
To test the effects of ALK-1 or ALK-2 on the feeding circuit, we performed experiments in the cerebral and buccal ganglia. The buccal ganglion innervates the feeding organ (radula). Feeding motor programs were elicited by stimulation of command-like neuron CBI-2 at 8 -10 Hz and were monitored by cyclic bursts in the I2 nerve of the buccal ganglion (17, 80) . Electrophysiological recordings were digitized online using AxoScope software version 10.7 (Molecular Devices, LLC, Sunnyvale, CA) and were plotted by CorelDraw version X7 (Corel Corp., Ottawa, Canada). Bar graphs are plotted with Prism version 5 (GraphPad Software, La Jolla, CA). Data are expressed as mean Ϯ S.E. All statistical tests (e.g. repeated measures one-way analysis of variance) were performed using Prism. When the data showed significant effects in analysis of variance, further individual comparisons were performed with Bonferroni's correction.
